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Trichoderma spp. are among the most promising biocontrol agents and have activity against a wide range of plant-pathogenic fungi (8, 31) . Mycoparasitism is considered an important mechanism of biological control and probably depends on the production of lytic enzymes including chitinases, β-1,3-glucanases, and proteases (8) . Correlation between the production of chitinolytic enzymes and the suppression of fungi containing chitin as the main cell wall constituent has been demonstrated for many Trichoderma species (7, 14, 15, 35) . Chitinases from Trichoderma spp. have been characterized (12, 23, 24, 40, 41) and were shown to inhibit in vitro spore germination and tube elongation of a variety of fungi except Pythium ultimum, which does not contain chitin as the major cell wall component (25) . The potential role of chitinase genes expressed in transgenic plants and in antagonistic microorganisms has been tested and explored in different biocontrol systems (5, 9, 38, 39) .
Although there have been extensive studies of chitinases, little is known about the role of cellulolytic enzymes in the biocontrol of plant-pathogenic oomycetes, which contain cellulose as the main cell wall component (3, 13, 30) . Early work on the biocontrol of P. debaryanum by Arthrobacter spp. suggested that a glucanase and a protease were involved in the lysis of mycelium (28) , while studies of the mode of action of P. nunn against Pythium and Phytophthora spp. demonstrated that cellulase was produced when the mycoparasite was grown in the presence of cellulose and cell walls of oomycetes (16) . A significant level of cellulase activity also was demonstrated in mutants of T. harzianum active against P. ultimum, but this trait was associated with an increased rhizosphere competence that would allow them to competitively proliferate and establish along the developing plant roots (1, 32) . Similarly, bean seed colonization and protection of bean seedlings against P. splendens by T. koningii were related to high levels of carboxymethyl cellulase activity in the biocontrol agent (10) .
The egl1 gene, encoding for the EGL1 β-1,4-endoglucanase (EC 3.2.1.4) of T. longibrachiatum, has been cloned and expressed in Saccharomyces cerevisiae (21) . The purpose of this study was to determine the involvement of the EGL1 β-1,4-endoglucanase from T. longibrachiatum in the biological control of damping-off of cucumber caused by P. ultimum (19) and to determine if enhanced disease suppression could be achieved by increasing EGL1 activity in T. longibrachiatum. EGL1 activity was increased by introducing multiple copies of the endogenous egl1 gene. Nine transformants and the wild-type strain CECT2606 were then tested for mitotic stability, endoglucanase production, and biocontrol activity under contained glasshouse conditions. We demonstrate that, in general, increased EGL1 activity correlates with enhanced disease suppression.
MATERIALS AND METHODS
Strains and media. T. longibrachiatum Rifai wild-type strain CECT2606 was used in transformation experiments and routinely cultured on malt extract agar (MEA) (E. Merck AG, Darmstadt, Germany) at 30°C. All T. longibrachiatum transformants used in this work were previously described (18, 37) . They were obtained by cotransformation with plasmid pAN7-1 (34) , which contains the hygromycin B selective marker, and either plasmid pTLEG12 (CT series) or plasmid pPGPDEGL1 (C series). The CT transformants contain additional copies of the egl1 gene under the control of its own inducible promoter, whereas C-series transformants contain extra copies of the egl1 gene under the control of the glyceraldehyde phosphodehydrogenase gene (gpdA) promoter of Aspergillus nidulans, which shows constitutive expression. The transformants of the C series still contain the native egl1 gene with its own promoter.
The isolate of P. ultimum Trow used throughout the experiments was obtained from a cucumber seedling with symptoms of damping-off and was routinely grown on corn meal agar (CMA) (Difco Laboratories, Detroit) at 25°C.
Plasmids. Plasmid pTLEG12 is 6.85 kb in size and contains a 3.8-kb SmaI-HindIII T. longibrachiatum DNA fragment that includes the whole egl1 gene plus 1.1-kb upstream and 1.3-kb downstream flanking regions in a pUC13 backbone (37) . Plasmid pPGPDEGL1, which is 6.47 kb in size, (18) contains the egl1 gene cDNA (from nucleotide +1) under the control of the constitutive A. nidulans gpdA gene promoter (2,301 bp, up to nucleotide -1) in a pUC18 backbone. Plasmid pTLEGC1 (12) contains a 1.56-kb T. longibrachiatum egl1 gene cDNA fragment cloned into pUC18.
DNA manipulations. Fungal chromosomal DNA was obtained as previously described (21) . DNAs from all T. longibrachiatum strains and transforming plasmids pTLEG12 and pPGPDEGL1 were digested simultaneously with the endonucleases EcoRI and HindIII, releasing the fungal DNA from the plasmid vector, in order to distinguish the endogenous egl1 gene in T. longibrachiatum (which gives a band of 5.7 kb) (21) from the extra copies acquired after the transformation (giving a band of 4.2 kb in CT-series transformants and of 3.8 kb in C-series transformants). After electrophoretic separation, DNAs were transferred to a nylon membrane (Hybond N; Amersham Italia, Milano, Italy) following standard procedures (36) . Plasmid copy number was then calculated by comparing the radioactivity incorporated in the endogenous egl1 gene copy with the transforming one(s) within the same lane. Enzyme activity determination. All β-1,4-endoglucanase activity assays were performed using carboxymethyl cellulose (CMC) as a substrate. One unit of endoglucanase activity corresponds to the release of 1 µmol of glucose equivalent in 1 min. Two different growing conditions were used to measure endoglucanase activity. For measuring the inducible endoglucanase activity in the pTLEG12 and pPGPDEGL1 transformants (CT series and C series, respectively), induction was carried out basically as described previously (20) . Briefly, 1.0 × 10 5 spores per ml were inoculated into minimal medium, supplemented with 0.1% tryptone (wt/vol), and incubated in a rotary shaker (200 rpm) (Lab-Line Instruments Inc.,
Fig. 1. Southern hybridization analysis of EcoRI/HindIII-digested DNAs obtained from
Trichoderma longibrachiatum wild-type strain CECT2606 (wt) and from transformants CT3, CT4, CT8, and CT12 before "a" and after "b" passage through the cucumber rhizosphere. A 1.56-kb BamHI-HindIII fragment from plasmid pTLEGC1 containing the full-length egl1 gene cDNA was used as probe. The 4.2-kb hybridizing band on the left corresponds to a fragment of the pTEGL12 plasmid, which includes the egl1 gene with the promoter sequence.
Fig. 2. Southern hybridization analysis of EcoRI/HindIII-digested DNAs obtained from
Trichoderma longibrachiatum wild-type strain CECT2606 (wt) and from transformants C1.1, C1.2, C1.3, C1.4, and C1.5 before "a" and after "b" passage through the cucumber rhizosphere. A 1.56-kb BamHIHindIII fragment from plasmid pTLEGC1 containing the full-length egl1 gene cDNA was used as probe. The 3.8-kb hybridizing band on the left corresponds to a fragment of the pPGPDEGL1 plasmid, which includes the egl1 gene with the promoter sequence. Melrose Park, IL) for 24 h at 30°C. The mycelium was recovered by filtration, resuspended in induction medium, and further incubated for 30 h. For measuring constitutive endoglucanase activity in pPGPDEGL1 transformants (C series), 1.0 × 10 5 spores per ml were inoculated in complete medium (33) containing 1% glucose and incubated in a rotary shaker (200 rpm) for 40 h at 30°C. Each experiment included three replicates, and in each replicate, all strains from each series were tested and compared with the wildtype strain CECT2606. The data from each of three experiments were first analyzed by a two-way analysis of variance (P = 0.05) and then subjected to the Scheffé multiple comparison test (P = 0.05).
Biological control of P. ultimum on cucumber. The biocontrol experiments were carried out on cucumber (Cucumis sativus L.) seedlings of the highly susceptible cultivar Marketer. Plugs (1.5 cm in diameter) of agar were cut with a sterile cork borer from 2-dayold cultures of P. ultimum on CMA in petri dishes and then placed in the center of plastic pots (10 cm in diameter, 1 liter capacity, one plug per pot) three quarters filled with a sterilized potting mix consisting of 1:2 sand/leaf compost (vol/vol).
To apply T. longibrachiatum strains, 7-day-old petri dish cultures on MEA were flooded with sterile water, and spores were scraped from the agar surface and counted in a haemacytometer. Spores were then resuspended in sterile water containing 1.4% CMC to give a final concentration of 1.0 × 10 8 spores per ml. In experiments 1 and 3, cucumber seeds were dipped for 5 min in the spore suspension and then placed equidistance from the center of each pot (10 seeds per pot). In experiments 2 and 4, seeds were pregerminated in the CMC spore suspension for 24 h at 25°C before sowing. In both cases, approximately 10 6 CFU of each T. longibrachiatum strain per seed could be recovered after coating.
After the seeds were sown, the pots were filled with a 2-cm layer of potting mix, placed on a bench in a completely randomized design (five replicate pots for each treatment) within a growth chamber at 25°C, and watered daily by adding 100 ml of water to each pot. Relative humidity varied between 60 and 80%, and daily light conditions were maintained at 20,000 lux with a 12-h photoperiod. After 7 days, plant emergence and healthy plant stand were assessed and the data subjected to an analysis of variance followed by Duncan's multiple comparison test (P = 0.05).
Isolation of T. longibrachiatum from cucumber rhizosphere. Two weeks after planting treated cucumber seeds, T. longibrachiatum wild-type strain CECT2606 and the nine transformants were reisolated from the rhizosphere by transferring root segments (2 cm) with their adhering soil to a 20-ml glass test tube containing 10 ml of sterile distilled water (10 segments per tube). The tubes were vortexed for 60 s, and the T. longibrachiatum propagules present in the rhizosphere were isolated by plating serial dilutions on MEA amended with 300 µg of sodium deoxycholate per ml (Sigma Chemical Co., St. Louis) to restrict the size of the colonies.
RESULTS
Mitotic stability and endoglucanase activity of T. longibrachiatum wild type and transformants. Transformants CT3, CT4, CT8, and CT12 were not able to sporulate in MEA containing 200 µg of hygromycin B per ml. Thus, to isolate homokaryons, mycelium plugs were transferred to plates with no hygromycin B, and the conidia obtained from these cultures retained the resistance marker.
C-series transformants were derived from transformant C1 (18). This transformant, originally isolated in the presence of hygromycin B, was selected because, after several rounds of sporulation in the absence of antibiotic, it maintained constitutive β-1,4-endoglucanase activity and became sensitive to hygromycin B. Transformants C1.1, C1.2, C1.3, C1.4, and C1.5 correspond to different homokaryons obtained after conidiation of the same original heterokaryon transformant C1; all were sensitive to hygromycin B and showed constitutive CMCase activity.
Southern analyses carried out with DNAs obtained from the wildtype strain and transformants of the CT and C series before and after their release in the cucumber rhizosphere are shown in Figures 1 and 2 , respectively. Double-digestion with EcoRI and HindIII allowed a clear differentiation between the endogenous copy of the egl1 gene (upper band) and that contained in the transforming plasmids pTEGL12 or pPGPDEGL1 (lower band). Extra copies of the egl1 gene remained relatively stable after passage of the CTseries transformants through soil (Table 1) . In all transformants bearing plasmid pPGPDEGL1, there was less than one extra copy of the egl1 gene, suggesting that some nuclei lost plasmid sequences. The average copy number in these transformants remained constant, as no further decrease was observed after their passage through the plant rhizosphere ( Table 2) .
Comparison of the endoglucanase activity levels shown by T. longibrachiatum wild type and transformants of the CT and C series before and after their reisolation from the cucumber rhizosphere is shown in Tables 1 and 2 , respectively. To identify any modification of the CMCase activity as a consequence of the passage through the host plant, data from each experiment were first subjected to a two-way analysis of variance. In all the experiments, the interaction between the two factors (strain and passage through the plant rhizosphere) was not significant (data not shown); in both series of transformants, the range of endoglucanase activity was constant, independent of the number of extra copies of the egl1 gene and the passage through the plant rhizosphere. In all transformants, there was a significant increase in CMCase activity in comparison to the wild-type strain CECT2606. Transformants of the C series had the highest endoglucanase activity when grown under inducing conditions (Tables 1 and 2) .
Biocontrol activity of Trichoderma spp. against P. ultimum on cucumber seedlings. In the absence of the pathogen, seed treatments of T. longibrachiatum wild type and transformants did not affect emergence of cucumber seedlings (data not shown). In experiments 1 and 2, only 32 and 28%, respectively, of the plants in the nontreated control emerged, whereas seed treatment with spores of T. longibrachiatum CECT2606 significantly increased emergence to 76 and 68%, respectively (Table 3) . Emergence (88 to 98% in experiment 1 and 84 to 90% in experiment 2) of cucumber treated with the four CT-series transformants tested was significantly greater than that of the wild-type or nontreated cucumber (Table 3) . In experiments 3 and 4, emergence (52 to 68% and 72 to 78%, respectively) of seeds treated with transformants C1.1, C1.2, C1.4, and C1.5 of the C series was greater than that obtained by treating with the wild type (48% in experiment 3 and 68% in experiment 4), although the increase was significant only for transformants C1.4 and C1.5 in experiment 3 (Table 4 ). Transformant C1.3 showed inconsistent performance; it did not suppress damping-off significantly in experiment 3, but it did in experiment 4 ( Table 4) . The fact that seeds were pregerminated in the CMC spore suspension for 24 h may be responsible for triggering increased endoglucanase activity before exposure to the pathogen and, therefore, for the greater biocontrol activity of transformant C1.3 in experiment 4.
DISCUSSION
The cellulase complex of Trichoderma spp. has been studied extensively, and many genes encoding cellulase have been fully characterized (29) . In the current work, we analyzed nine transformants of T. longibrachiatum containing extra copies of the egl1 gene. Transformants showed a significantly higher level of gene expression and endoglucanase production as compared with the wild type under both inducing and noninducing growth conditions. When applied to cucumber seeds sown in P. ultimum-infested soil, T. longibrachiatum wild-type CECT2606 was able to reduce the incidence of damping-off. In general, transformants had significantly higher biocontrol activity than the wild-type strain against the pathogen, with the transformants of the CT series being most effective.
When grown under inducing conditions, transformants of the C series bearing the transforming egl1 gene under the control of the constitutive promoter gpdA had the highest endoglucanase activity. These data are not surprising, because the cultures used in the induction experiments were obtained from a medium containing glucose as the carbon source in which the transcription of the transformant egl1 gene copy is activated. This transcription might still be activated during the induction experiment, resulting in double expression of both the native egl1 gene by its own promoter and the transforming one. Thus, transforming sequences do not seem to interfere with the natural secretion of the inducible EGL1 protein, as was suggested in the case of the native-induced 40-kDa chitinase in T. harzianum transformants (23) .
Meiotic and mitotic stability of transforming DNA in genetically modified biocontrol fungi is a basic prerequisite for any deliberate release into the environment (6) . Enzymatic assay and Southern analyses of the transformants before and after their passage through the cucumber rhizospheres revealed that both the endoglucanase activity and the transforming sequences were relatively stable under nonselective conditions. Previous experiments were carried out with pAN7-1-transformed saprophytic Fusarium oxysporum used as antagonists in the biological control of pathogenic F. oxysporum (22) . These studies showed that transformation using DNA with no homology to the recipient genome results in DNA rearrangement during in vitro growth under nonselective conditions and after recovery from soil microcosms (26) . Sequence homology between the transforming plasmids pTLEG12 and pGPDEGL1 used in the cotransformation experiments and the endogenous egl1 gene of T. longibrachiatum may enhance mitotic stability of the transformants tested. A similar result was obtained with T. harzianum transformed with pHATα, which carried a 2.4-kb fragment of a T. harzianum putative α-amylase gene, when released onto the tomato phylloplane (27) .
Because C-series transformants were under the control of the constitutive gpdA promoter, we hypothesized that they should show the greatest biocontrol activity against P. ultimum. Moreover, the fact that transformants of the C series lacked functional copies of sequences encoding resistance to hygromycin B makes them potentially more attractive as antagonists. Current regulations adopted in the European Union strongly limit the possibility of commercial production and release of microbial antagonists bearing antibiotic resistance genes, because of the potential transfer of these sequences to resident bacteria or fungi (11, 22) . We were surprised to find that although transformants of the C series demonstrated greater biocontrol activity than the wild type, the difference was not always significant. Unexpectedly, the CT-series transformants showed the most consistent activity. One possible explanation is that integration of the pGPDEGL1 plasmid into the fungal genome could have altered the expression of genomic sequences, which are responsible for strain fitness. This interpretation is substantiated by the fact that all transformants of the C series had poor sporulation on different nutrient media in comparison to the wild type and the four CT-series transformant strains (data not shown). Therefore, the low sporulation may have reduced or abolished the benefits in terms of root colonization or mycoparasitism derived from constitutive overexpression of the egl1 gene.
We have demonstrated that overexpression of the egl1 gene can play a role in the biocontrol activity of T. longibrachiatum against the cellulase-containing oomycete P. ultimum. Additional information is now needed to evaluate the synergistic effect of other cellulase-, chitinase-, or protease-encoding genes. The improved biocontrol activity obtained by overexpression of the proteinaseencoding gene prb1 in T. harzianum (17) further stresses the con- cept that a mixture of several enzymes might be necessary for efficient cell wall lysis in the mycoparasite-pathogen interactions (4). This can be accomplished by introducing multiple lytic enzyme-encoding genes through transformation of a given biocontrol strain or, more realistically, by combining different antagonists with specific enzymatic activity (2).
